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ABSTRACT 24 
Aim To measure latitude-related body size variation in field collected Paropsis 25 
atomaria Olivier (Coleoptera: Chrysomelidae) individuals and to conduct common-26 
garden experiments to determine whether such variation is due to phenotypic 27 
plasticity or local adaptation. 28 
Location Four collection sites from the east coast of Australia were selected for 29 
contemporary field collections: Canberra (latitude 35º18’51”S); Bangalow (latitude 30 
28º43’11”S); Beerburrum (latitude 26º58’02”S); and Lowmead (latitude 24º29’22”S). 31 
Museum specimens collected over the past 100 years and covering the same 32 
geographic area as contemporary field collections came from one state, one national, 33 
and one private collection. 34 
Methods Body size (pronotum width) was measured for 118 field collected beetles 35 
and 302 specimens from collections. We then reared larvae from the latitudinal 36 
extremes (Canberra and Lowmead) to determine whether the size cline was the result 37 
of phenotypic plasticity or evolved differences (= local adaptation) between sites. 38 
Results Beetles decrease in size with increasing latitude, representing a converse 39 
Bergmann cline. A decrease in developmental temperature produced larger adults for 40 
both Lowmead (low latitude) and Canberra (high latitude) individuals, and those from 41 
Lowmead were larger than those from Canberra when reared under identical 42 
conditions. 43 
Main conclusions The converse Bergmann cline in P. atomaria is likely the result 44 
local adaptation to season length. 45 
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INTRODUCTION 49 
Body size variation in animals is perhaps the single most important quantitative 50 
character measure as it strongly influences most physiological and fitness traits 51 
(Blanckenhorn & Demont, 2004).  Given this importance, large-scale systematic 52 
variation of body size over latitudinal gradients has been of interest to biologists for 53 
over 150 years (Bergmann, 1847; Atkinson, 1994; Blackburn et al., 1999; 54 
Blanckenhorn & Demont, 2004). Reports of such trends in nature are so pervasive in 55 
the literature (e.g. see Blanckenhorn & Demont 2004 for a review of arthropod 56 
examples) that they have resulted in the construction of numerous rules which attempt 57 
to provide mechanistic explanations for the observed phenomenon of body size 58 
variation with latitude. 59 
The environmental variable most often associated with changing latitude is 60 
temperature. Consequently, temperature has been at the core of most attempts to relate 61 
variation in body size to geographical gradients, with Bergmann’s Rule the most often 62 
invoked (Bergmann, 1847; Blackburn et al., 1999). Put simply, Bergmann’s Rule 63 
states that individuals are larger at higher latitudes. Bergmann’s original hypothesis 64 
was based on the observation of mammals and explained in terms of heat-65 
conservation; the larger the animal in a colder climate, the lower its surface area-to-66 
volume ratio, and hence the greater its capacity to retain heat (thus conferring an 67 
advantage). This explanation has been largely dismissed for endotherms and is even 68 
less likely for ectotherms, whose body temperatures fluctuate rapidly and are highly 69 
dependant on ambient conditions (heat conservation, therefore, is not usually 70 
possible) (McNab, 1971; Atkinson & Sibly, 1997). Furthermore, the reverse scenario, 71 
converse Bergmann’s Rule – individuals are smaller at higher latitudes (Park, 1949) – 72 
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has been documented for many species and was equally represented as conventional 73 
Bergmann clines in a recent study of 48 arthropod species (Blanckenhorn & Demont, 74 
2004). 75 
For ectotherms, temperature directly influences body size through its effects on 76 
metabolic rates and development time (Sibly & Atkinson, 1994; Van der Have & De 77 
Jong, 1996): lower developmental temperatures typically result in larger individuals 78 
(temperature-size rule; Carleton, 1960; Vannote & Sweeny, 1980; Lonsdale & 79 
Levinton, 1985; Atkinson, 1994; Partridge et al., 1994; Van der Have & De Jong, 80 
1996; Atkinson & Sibly, 1997; Ramsden & Elek, 1998; Chown & Gaston, 1999; 81 
Reeve et al., 2000; but see Walters & Hassall, 2006 for a reverse trend in the 82 
grasshopper, Chorthippus brunneus). Consequently, if a Bergmann cline is the result 83 
of phenotypic plasticity in a species which follows the temperature-size rule, we may 84 
expect larger individuals at higher latitudes (colder temperatures), thus conforming to 85 
a conventional Bergmann’s cline. Importantly, however, this does not imply a 86 
Bergmann cline in an ectotherm species is the inherent result of phenotypic plasticity, 87 
as adaptive explanations – such as starvation resistance as documented in the ant lion 88 
Myrmeleon immaculatus (Arnett & Gotelli, 2003) – may be equally valid. 89 
To determine whether a Bergmann cline or its converse is the product of adaptive 90 
mechanisms or phenotypic plasticity, common-garden experiments are required. For 91 
instance, should an ectotherm species adhere to the temperature-size rule during 92 
developmental trials and also conform to a converse Bergmann cline in the wild, we 93 
may justifiably conclude genetic differences between populations are driving 94 
latitudinal body size variation (i.e. an adaptive mechanism) (Masaki, 1978; Mousseau 95 
& Roff, 1989; Blanckenhorn & Fairbairn, 1995; Blanckenhorn & Demont, 2004). The 96 
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next step is to determine the likely adaptive mechanism driving such a cline. In many 97 
cases converse Bergmann clines in an ectotherm species are proposed to be mediated 98 
by the interaction of temperature effects on growth, season length, and average 99 
development time for the organism (Blanckenhorn & Demont, 2004), with higher 100 
latitude seasons providing less time (and resources) for individuals to mature, thereby 101 
producing smaller adults (Carleton, 1960; Roff, 1980; Fischer & Fiedler, 2002; 102 
Blanckenhorn & Demont, 2004).  103 
Paropsis atomaria Olivier (Coleoptera: Chrysomelidae) is a widely distributed 104 
Australian endemic leaf beetle. The adults and larvae feed on the foliage of at least 20 105 
species of Eucalyptus L’Her (Myrtaceae) (CABInternational, 2005) and the beetle is 106 
an emergent pest of eucalypt plantations in Queensland (Qld) and New South Wales 107 
(N.S.W.). Paropsis atomaria consists of at least two partially isolated populations 108 
along the east coast of Australia, from the temperate south (latitude ~35º) to the sub-109 
tropical north (latitudes 28º – 24º) (Schutze et al., 2006). Beetles from the southern 110 
areas of the distribution (Canberra, Australian Capital Territory (A.C.T.)) are active 111 
from October until March / April (Carne, 1966), whereas northern populations living 112 
in south east Queensland experience a longer field season and adults are active from 113 
as early as September through to at least mid-April (Nahrung, 2006). The large 114 
geographic range, together with genetic differentiation between populations along that 115 
range, renders P. atomaria ideal for investigating a Bergmann cline and its underlying 116 
mechanism. 117 
In this study, we first describe a converse Bergmann cline in P. atomaria body size 118 
across latitude using both recent and historical collections. To determine whether the 119 
cline results from phenotypic plasticity in response to temperature or is the product of 120 
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local adaptation, we conducted common-garden experiments with wild caught beetles 121 
from the two extremes of the latitudinal gradient. We conclude the converse 122 
Bergmann cline seen for P. atomaria is likely the product of local adaptation to 123 
season length. 124 
MATERIALS AND METHODS 125 
Temperature data 126 
To determine the degree of correlation between latitude and temperature, long-term 127 
climatic data was sourced from the Australian Bureau of Meteorology. We calculated 128 
the average daily temperature (ºC) between the months of October and April (P. 129 
atomaria field season) based on the closest data record site for each collection 130 
locality: Lowmead: Gladstone Radar (23°51’36”S, 151°13’36”E; averages based on 131 
data from 1957 – 2004); Beerburrum: Caloundra signal station (26°48’00”S, 132 
153°09’00”E; averages from 1899 – 1992); Bangalow: Lismore central street 133 
(28°48’36”S, 153°17’24”E; averages from 1884 – 2003); and Canberra: Canberra 134 
airport (35°17’60”S, 149°11’60”E; averages from 1939 – 2004). 135 
Body size of field collections 136 
Material 137 
Collection sites were selected based on the following criteria: 1) they occurred across 138 
a significant part of the species range, ensuring tropical and temperate locations were 139 
included; and 2) sufficient numbers of individuals were present for analysis. 140 
Consequently, the following four sites were chosen: tropical/sub-tropical Lowmead 141 
(central Qld, 24º29’22”S, 151°42’14”E), Beerburrum (south-east Qld, 26º58’02”S, 142 
153°03’06”E), Bangalow (north-east N.S.W., 28º43’11”S, 153°31’07”E) and 143 
temperate Canberra (Australian Capital Territory (A.C.T.), 35º18’51”S, 149°09’16”E) 144 
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(Fig. 1) (n.b. for brevity, site latitude information hereafter only given to nearest 145 
degree except for specific collection locality). Paropsis atomaria was collected from 146 
trees within forestry plantations at every site except Canberra (collected within the 147 
Jerrabomberra wetlands). 148 
Adult beetles were identified based on gross morphology (Waterson & Urquhart, 149 
1995) and hand collected into 70% ethanol. Due to the gregarious and largely 150 
sedentary nature of P. atomaria (Carne, 1966), every effort was taken to sample from 151 
multiple sites within each sampling location in order to reduce the possibility of 152 
collecting directly related individuals. Beetles from Beerburrum, Bangalow, and 153 
Canberra were collected during March and April of 2003, whilst beetles from 154 
Lowmead were collected in February of 2005. Our analysis also included research 155 
collection specimens from the Agricultural Scientific Collections Unit (Orange 156 
Agricultural Institute), the Australian National Insect Collection (A.N.I.C.), and one 157 
private collection. 158 
Character selection 159 
Width of pronotum was selected as the relative measure of adult body size from an 160 
original survey of 15 body parts, as it was straightforward to measure, present in all 161 
specimens, and not subject to distortion (as is the case for total body length or width, 162 
which is inaccurate due to distortion in the resting elytra making measurements 163 
difficult). Measurements were made by a single observer (MKS) for each individual 164 
from the four collection sites using a calibrated eye-piece micrometer on a 165 
stereomicroscope to the nearest 0.1 mm. 166 
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Statistical analysis 167 
All statistical procedures were run in SPSS v. 14.0 for WINDOWS. 168 
We analysed the relationship between temperature and latitude using Pearson 169 
correlation analysis. 170 
For de novo collections, we treated latitude as a categorical variable and used a two-171 
way ANOVA to determine the effects of sex, latitude, and their interaction on body size 172 
(pronotum width): size ~ sex + latitude + sex*latitude. For historical collection 173 
material, we treated latitude as a continuous variable (collection sites varied 174 
considerably) and used a Pearson correlation analysis to determine the direction and 175 
strength of the relationship between latitude and body size (pronotum width). 176 
Common-garden experiments 177 
Study insects 178 
We collected beetles from the two latitudinal extremes of the current study: Canberra, 179 
A.C.T. (35º18’51”S, 149°09’16”E) and Lowmead, central Qld (24º29’22”S, 180 
151°42’14”E) during December 2005 and January 2006. 181 
Approximately 50-100 beetles from each site were maintained on E. tereticornis 182 
foliage in outdoor cultures in Brisbane for the duration of the trial. Eggs from stock 183 
cultures were allowed to hatch and larvae permitted to consume the egg chorion prior 184 
to rearing in controlled temperature cabinets at four temperatures: 16 ºC, 20 ºC, 24 ºC, 185 
and 27 ºC. Larvae were supplied daily with fresh E. pilularis leaves taken from potted 186 
or plantation trees. On any one day all leaves supplied to larvae came from one 187 
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source, with individual shoots randomised before being placed in rearing containers 188 
so as to minimise any potential for diet to bias treatments. 189 
Twenty neonate individuals were placed in each petri dish with foliage and moistened 190 
filter paper. Instar duration was calculated based on when 50% of surviving 191 
individuals present had moulted into the next stage. Third and fourth instar larvae 192 
were transferred to larger containers for the remainder of development. Pre-pupal 193 
larvae were removed from rearing containers and placed in petri dishes until adult 194 
eclosion. The number of 20-larvae replicates ranged between 10 – 13 for each 195 
location (Canberra and Lowmead) and temperature. Not all replicates survived 196 
through to adult eclosion, especially Lowmead individuals reared at 27 ºC. Total 197 
development time was the number of days from egg eclosion until 50% of the 198 
surviving cohort emerged as adults. After 2 – 3 days adults were placed into 70% 199 
alcohol for preservation, from which pronotum width was measured (as for field 200 
material). 201 
Statistical analysis 202 
The following statistical models were conducted for common garden experiments: a 203 
two-way ANOVA testing development time (days) ~ rearing temperature + location + 204 
rearing temperature*location, with Tukey post hoc tests for temperature for each 205 
location, followed by pairwise ANOVA between locations for each temperature trial; 206 
and a three-way ANOVA for body size (pronotum width) ~ sex + rearing temperature + 207 
latitude + interactions, with Tukey post hoc tests for temperature for each location, 208 
followed by pairwise ANOVA for each temperature trial between each location for both 209 
sexes. 210 
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RESULTS 211 
Temperature – latitude correlation 212 
The average daily temperature for each of the four collection localities during the 213 
October to April P. atomaria field season was as follows: Lowmead (latitude 24ºS): 214 
25.70 ºC; Beerburrum (latitude 27ºS): 23.09 ºC; Bangalow (latitude 29ºS): 22.77 ºC; 215 
and Canberra (latitude 35ºS): 17.48 ºC. Pearson correlation analysis of temperature 216 
against latitude revealed a strong significant negative correlation (r = -0.992, P = 217 
0.008) (Fig. 2). 218 
Body size of field collections 219 
For de novo material, sex and latitude significantly affected body size, but their 220 
interaction did not (Table 1). Average male pronotum width across all locations (N = 221 
63) was significantly less than that of females (N = 55) (♂ = 5.5 ± 0.5 mm, ♀ = 6.0 ± 222 
0.4 mm; ANOVA d.f. = 1, M.S. = 7.132, F = 36.823, P = 1.67 × 10-8). For females, 223 
Canberra (latitude 35ºS) individuals were significantly smaller than those collected 224 
from Bangalow (latitude 29ºS) and Beerburrum (latitude 27ºS), which in turn were 225 
significantly smaller than Lowmead (latitude 24ºS) females. For males, Canberra, 226 
Bangalow, and Beerburrum beetles were significantly smaller than Lowmead beetles 227 
(Fig. 3). 228 
One-hundred and forty-nine males and 153 females from historical collection material 229 
were measured for pronotum width (latitudes ranged from 19°11'60”S to 37°38'60”S). 230 
Pronotum widths for males was again significantly less than that of females (♂ = 5.6 231 
± 0.4 mm, ♀ = 6.1 ± 0.3 mm; ANOVA d.f. = 1, M.S. = 20.262, F = 173.015, P = 1.72 × 232 
10-31). Pearson’s correlation analysis revealed a significant negative relationship 233 
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between pronotum width and latitude for males (r = -0.357, P = 5.87 × 10-6), but a 234 
weaker, non-significant negative correlation for females (r = -0.110, P = 0.185) 235 
(Figure 4). 236 
Common garden experiments 237 
Development time 238 
All individuals for each trial were analysed together regardless of sex (impossible to 239 
sex larvae or rear individually due to gregarious feeding behaviour). There was a 240 
significant effect of both location and temperature on development time of larvae, but 241 
no interaction between the two (Table 2). Post hoc tests revealed a significant 242 
difference in development time between all developmental temperatures for Canberra 243 
individuals, and similarly so for Lowmead individuals except for between 24 ºC and 244 
27 ºC, for which mean development time was not significantly different between 245 
temperature treatments.(Fig. 5). Developmental times between populations for each 246 
temperature were the same except for the extremes (16 ºC and 27 ºC), in which 247 
Canberra individuals developed faster than Lowmead individuals (significant for the 248 
16 ºC trial, P = 0.028; and close to statistical significance for the 27 ºC trial, P = 249 
0.059) (Fig. 5). 250 
Body size 251 
Sex, location, and temperature all significantly affected adult body size (none of the 252 
interactions were significant) (Table 3). Females were, again, significantly larger than 253 
males; northern beetles (Lowmead; 24ºS) were significantly larger than southern 254 
beetles (Canberra; 35ºS) when reared at the same temperature for all comparisons 255 
except between Lowmead and Canberra males reared at 24 ºC; and post hoc tests 256 
 13
revealed higher temperatures produced significantly smaller adult females, and 257 
smaller (but not significant) males (Fig. 6). 258 
DISCUSSION 259 
Paropsis atomaria conforms to both a converse Bergmann cline and the temperature-260 
size rule. Wild-caught adults demonstrate a clear trend of decreasing size with 261 
increasing latitude (Figs 3 & 4), and common-garden experiments showed that rearing 262 
larvae at higher temperatures generally resulted in smaller adults (Fig. 6). 263 
Furthermore, northern beetles were consistently larger than southern beetles, 264 
regardless of rearing temperature (Fig. 6). Therefore, we conclude the observed 265 
converse Bergman cline is due to genetic differences between populations, 266 
representing a case of local adaptation rather than phenotypic plasticity. 267 
Adaptive explanations for Bergmann clines in ectotherms include starvation resistance 268 
(Arnett & Gotelli, 2003), adaptive co-variation among life-history traits (Angilletta et 269 
al., 2004), adaptive phenotypic plasticity (Partridge et al., 1994), and voltinism 270 
mediated by season length (Roff, 1980; Blankenhorn & Demont, 2004). The 271 
starvation resistance hypothesis, as seen for the ant-lion Myrmeleon immaculatus, is 272 
an example whereby particular geographic regions within a latitudinal gradient 273 
experience unpredictable seasonal conditions resulting in highly variable food 274 
availability for some populations (Arnett & Gotelli, 2003). Consequently, it becomes 275 
an adaptive advantage for populations in these unpredictable environments (usually at 276 
higher latitudes) to have an increased body size as a means to resist starvation during 277 
periods of food unavailability. Whilst valid for the above example, we do not believe 278 
this mechanism applies to P. atomaria, as we observe a converse Bergmann cline, 279 
counter to what may be expected under a starvation resistance hypothesis should 280 
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resource predictability relate similarly to such latitudinal variation.  Additionally, 281 
there is no reason to believe any particular region lacks available resources compared 282 
to another, as Eucalyptus is the dominant genus inhabiting Australian forests and 283 
constitutes at least 92 % of native forests and woodlands (Morrow, 1976), with P. 284 
atomaria recorded from more than 20 species. 285 
Adaptive co-variation among life-history traits may produce a conventional Bergmann 286 
cline in ectotherm species with populations experiencing large differences in age at 287 
maturation.  This is the case in Sceloporine lizards, in which larger individuals living 288 
in colder climates (higher latitudes) may mature a full year later than smaller body-289 
sized animals exposed to warmer conditions (Angilletta et al., 2004). Whilst P. 290 
atomaria is similar to lizards in that it is an ectotherm that adheres to the temperature 291 
size rule, P. atomaria individuals reach maturity within a single season (significantly 292 
less than a year). Therefore, season length across a latitudinal gradient may play a 293 
more important role in determining rate to maturation and consequent adult size in a 294 
rapidly developing insect such as P. atomaria. Indeed, season length is considered 295 
important in determining the direction of the cline (Bergmann or converse Bergmann) 296 
for arthropods in particular (Roff, 1980; Mousseau, 1997; Blanckenhorn & Demont, 297 
2004). Populations of Teleogryllus cricket in Japan, for example, demonstrate a 298 
converse Bergmann cline in which northern (lower latitude) individuals mature earlier 299 
(and are correspondingly smaller) than their southern counterparts (Masaki, 1972) and 300 
this is regarded an adaptive response to season length.  301 
Several factors indicate season length is an important factor producing a converse 302 
Bergmann cline in P. atomaria. Firstly, our results demonstrate development time and 303 
size at maturation is genetically controlled, with development time for southern (high 304 
 15
latitude) populations generally shorter across the four developmental temperatures 305 
studied (Fig. 5), with an associated decrease in adult body size compared to northern, 306 
low latitude beetles (Fig. 6). We propose that reduced development time is an 307 
adaptive response to shortened season length in southern temperate regions compared 308 
to sub-tropical regions in the north, where increased season length permits a longer 309 
growth period resulting in increased average adult body sizes (= increased potential 310 
fecundity). Such local adaptation is considered possible due to restricted gene flow 311 
between temperate and sub-tropical populations of P. atomaria, with high pairwise 312 
FST comparisons between the southern population (Canberra) and all northern 313 
collection localities (Bangalow, Beerburrum, and Lowmead) (Schutze et al., 2006). 314 
Furthermore, other factors, especially host plant quality, may influence final adult 315 
body size in P. atomaria within and between populations across the latitudinal 316 
gradient. Indeed, P. atomaria develops at variable rates depending on which host it is 317 
reared, resulting in correspondingly variable adult sizes (Carne, 1966; Schutze in 318 
prep.). We believe host plant response contributes to the weaker correlation of body 319 
size for historical collection material with latitude compared to our analysis of de 320 
novo material.  Measurements for historical material were taken from specimens 321 
collected over 100 years and which had consequently developed under a wide range 322 
of biotic and abiotic environmental conditions.  This individual-to-individual variation 323 
in turn will have masked, but did not hide, the inverse cline effect.  We recommend 324 
further trials comparing host-plant response between populations be conducted to 325 
determine if locally adapted populations have also acquired variable developmental 326 
responses to different species of Eucalyptus. 327 
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Table 1. Two-way ANOVA of the effect of sex and location (and their interaction) on Paropsis 
atomaria pronotum width for de novo collected field material. 
Effect d.f. MS F P value 
Sex 1 8.990 97.532 7.53 × 10-17 
Location 3 3.927 42.602 2.39 × 10-18 
Sex*Location 3 0.027 0.297 0.83 
Error 110 0.092   
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 Table 2. Two-way ANOVA of the effect of location and temperature (and the interaction) on total 
development time in days (egg – adult) for larvae reared at 4 temperatures (16 ºC, 20 ºC, 24 ºC, and 
27 ºC). 
Effect d.f. MS F P value 
Location 1 10.405 5.41 0.023 
Temperature 3 4516.934 2348.699 2.57 × 10-61 
Location*Temperature 3 3.544 1.843 0.149 
Error 59 1.923   
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 Table 3. Three-way ANOVA results for the effect of sex, location, and temperature (and interactions) 
on adult body size (pronotum width) for larvae reared at 4 temperatures (16 ºC, 20 ºC, 24 ºC, and 27 
ºC). 
Effect d.f. MS F P value 
Sex 1 9.714 196.185 5.44 × 10-32 
Location 1 3.061 61.646 2.02 × 10-13 
Temperature 3 0.284 5.719 0.001 
Sex*Location 1 0.092 1.848 0.176 
Sex*Temperature 3 0.043 0.858 0.464 
Location*Temperature 3 0.016 0.326 0.807 
Sex*Location*Temperature 3 0.006 0.12 0.948 
Error 212 0.050   
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Figure Legends 
Figure 1: Geographic locations where Paropsis atomaria individuals were collected for this study. 
Figure 2: Average daily temperatures for Paropsis atomaria field season plotted against latitude for 
each of the four field collection sites: Lowmead, Beerburrum, Bangalow and Canberra (left-right); 
Pearson correlation co-efficient r = -0.992, P < 0.05. See text for calculation of averages. 
Figure 3: Plot of pronotum width against latitude for de novo field collected Paropsis atomaria 
(circles = females; squares = males). Latitude rounded to nearest degree. Numbers above plots = 
number of individuals measured. Different letters denote statistically significant difference (P < 0.05) 
in pronotum width between locations for each sex (females lower case; males upper case). Points 
slightly offset for clarity. 
Figure 4: Relationship between pronotum width and latitude for historically collected (i.e. collected 
prior to this study) Paropsis atomaria females and males demonstrating converse Bergmann cline. 
Gap between clusters due to lack of specimens collected from those latitudes. 
Figure 5: Mean development time (days) for each population of Paropsis atomaria (Canberra 35ºS = 
grey and Lowmead 24ºS = black) reared at four temperatures (16 ºC, 20 ºC, 24 ºC and 27 ºC). 
Numbers above plots = number of replicates. Different letters denote significant difference (Tukey 
post hoc comparisons, P < 0.05) in total development time between each temperature (Canberra 
upper case and Lowmead lower case). Asterisk denotes significant difference (pairwise ANOVA, P < 
0.05) in development time between populations reared at the same temperature. 
Figure 6: Effects of larval rearing temperatures (16 ºC, 20 ºC, 24 ºC and 27 ºC) on adult body size 
(pronotum width, mm) for females (circles) and males (squares) of P. atomaria from two population 
origins (Canberra indicated in black and Lowmead indicated in grey). Numbers above plots = 
number of individuals measured. Different letters denote significant differences (Tukey post hoc 
comparisons, P < 0.05) in average pronotum width between temperature trials for each population 
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(Canberra upper case and Lowmead lower case). Asterisks denote significant difference (pairwise 
ANOVA, P < 0.05) in pronotum width between populations reared at the same temperature. 
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